I. INTRODUCTION
A MAGNETIC tunnel junction (MTJ) is a device whose electrical resistance is variable and depends on the magnetic state [1] . Electrically controlling the magnetic state of an MTJ offers opportunities to enhance the performance, density, functionality, and power consumption of a variety of applications ranging from memory [2] - [5] and logic [6] to RF oscillators [7] . The magnetic state of an MTJ can be electrically controlled through the spin transfer torque (STT) effect [8] , the voltage controlled magnetic anisotropy (VCMA) effect [3] , [9] , or a combination of both the STT and VCMA effects [4] .
The STT mechanism controls the magnetic state of an MTJ using current pulses that transport spin angular momentum. For a specific duration of the current pulse, the operation of the STT mechanism is maintained as long as the amplitude of the pulse is larger than a current threshold. Since the current threshold grows significantly as the duration of the pulse decreases, fast operation through the STT effect compromises the power efficiency and requires a high current density. Furthermore, the STT effect causes an MTJ to switch stochastically over a widely distributed switching time. This behavior is associated with the incubation time [10] , which is the time for the system to absorb sufficient spin angular momentum from the injected spin polarized current to begin switching. The incubation time depends upon the thermal fluctuations of the magnetization, making the behavior of the MTJ stochastic. Recent experiments [10] show that incorporating a perpendicular polarizing layer into an MTJ removes the incubation time and enables deterministic, subnanosecond, and power efficient switching through the STT effect. High current densities are, however, required to switch the magnetic state of these MTJs.
The VCMA mechanism [3] , [4] , [9] has recently attracted considerable attention for spintronic applications operating at ultralow power levels. This mechanism controls the magnetic state of an MTJ through temporal change of the direction of the magnetic easy axis during application of a voltage pulse across the device. The VCMA mechanism offers a 500 times improvement in power efficiency as compared with the STT effect [9] , and enables subnanosecond operation with no detectable incubation time. Reliable operation through the VCMA effect, however, requires precise subnanosecond control of the duration of the voltage pulse.
Both the STT and VCMA effects may coexist in an MTJ device [3] , [4] , and either of the effects can be of similar strength or dominate the other [3] - [5] , [9] . Recent experiments propose hybrid switching mechanisms that employ both the STT and VCMA effects. A hybrid mechanism switches the magnetic state of an MTJ faster and more power efficiently than the STT mechanism and as reliably as the VCMA mechanism without requiring tight control of the duration of the voltage pulse applied across the device [3] , [4] . An efficient compact model of an MTJ should accurately capture the device behavior in response to different controlling mechanisms of the magnetic state while maintaining high computational efficiency. Several compact models have been published for MTJs [11] - [19] . All of these models only consider an MTJ whose magnetic state is controlled through the STT effect. Furthermore, these models are accurate only for a symmetric MTJ, where both the free and analysis layers are composed of the same material. From both a device and circuit design point of view, a reliable compact model should accurately consider both the STT and VCMA effects, and be independent of device symmetry.
In this paper, a compact model, adaptive compact MTJ (ACM) model, is proposed. The ACM model considers both the STT and VCMA effects. The ACM model can therefore be used to simulate an MTJ whose magnetic state is switched through either the STT mechanism or the VCMA mechanism as well as a hybrid STT-VCMA mechanism. The ACM model includes the effects of asymmetry on the physical behavior of the device. The ACM model can therefore be applied to either symmetric or asymmetric MTJs. The ACM model also includes the dynamics of the junction temperature (self-heating) and considers the effects of system temperature on the material properties. The ACM model can be adapted to any configuration including in-plane anisotropy MTJ (IMTJ), IMTJ with an additional polarizing layer, perpendicular-to-theplane anisotropy MTJ (PMTJ), and PMTJ with an additional in-plane easy axis. The ACM model also provides the capability to simulate an MTJ under process variations.
The rest of this paper is organized as follows. The ACM model is characterized in Section II. Validation of the ACM model through experimental data is described in Section III. A comparison between the ACM model and previously proposed compact models is provided in Section IV. Finally, this paper is concluded in Section V.
II. ACM MODEL CHARACTERIZATION
In this section, the ACM model is characterized. This model is based on the single domain approximation [23] , where it is assumed that the magnetization is spatially uniform in ferromagnetic (FM) materials, behaving as a single macroscopic magnetic moment. The ACM model has been developed using Verilog-A, a standard behavioral description language [28] .
A. Generalized Structure of an MTJ
An MTJ based on a generalized structure, as shown in Fig. 1(a) , is considered. This structure allows the ACM model to be applied to different geometries. This system is composed of two FM layers separated by a tunneling barrier and implanted on a polarizing layer whose magnetization is aligned along the e x direction. Depending on whether the FM layers are composed of the same material, the MTJ is referred to, respectively, as either symmetric or asymmetric [20] . Magnetization of one FM layer, referred to as the reference layer (also known as the analysis layer), is pinned toward the e z direction by virtue of being thicker or exchange coupled to an anti-FM layer. The other FM layer, referred to as the free layer (also known as the storage layer), has two orthogonal anisotropies: one along the e x direction, denoted by H kx , and the other along the e z direction, denoted by H kz . The magnetic anisotropies can be either axial or planar.
The unit vector along the magnetization of the free layer M, as shown in Fig. 1(b) , makes an angle ϑ with e z , while the plane of M and e z makes an angle ϕ with e x . An applied magnetic field H a , as shown in Fig. 1(b) , makes an angle β with e z , while the plane of H a and e z makes an angle σ with e x . A spin polarized current passes through the free layer as long as a voltage V is applied across the device. The self-induced magnetic field of the current is negligible as long as the lateral size of the free layer is small, where the spin-current effect is expected to become dominant over the current-induced magnetic field [23] . The in-plane direction (perpendicular-to-the-plane direction), e i (e n ), makes an angle θ (π/2 − θ ) with e z .
B. Experimental Geometry of an MTJ
By setting θ (the e x and e z axes of the coordinate system with respect to the plane of the layers), as well as the amplitude and sign of the anisotropies of the free layer, the structure shown in Fig. 1 can be applied to different geometries including the four experimentally relevant geometries listed in Table I . The first geometry is the IMTJ with a perpendicular polarizer. An example of this geometry is a nanopillar with an elliptic cross section implanted on a perpendicular polarizer [10] . The generalized structure is adapted to this case by setting θ = 0, ensuring that the anisotropy components H kx and H kz are aligned, respectively, with the e n and e i directions, and the polarizer is aligned with the e n direction. H kz represents the in-plane anisotropy field of the free layer. H kx is negative and represents the demagnetizing field of the free layer, but may also include a perpendicular-to-the-plane anisotropy as long as the perpendicular-to-the-plane anisotropy does not overcome the demagnetizing field. For the remaining three geometries, the polarizing layer is removed. The second geometry is the IMTJ. The only difference between this case and the first case is the absence of a perpendicular polarizing layer.
The third geometry is the PMTJ with an additional inplane easy axis. An example of this geometry is an elliptically shaped junction with perpendicular anisotropy. The generalized structure adapts to this geometry by ignoring the polarizing layer and setting θ = π/2, ensuring that the anisotropies, H kx and H kz , are aligned, respectively, with the e i and e n directions. Both of the magnetic anisotropies in this case are positive. The fourth geometry listed in Table I is the PMTJ. An example of this case is a nanopillar with a circular cross section [3] . The generalized structure is adapted to this geometry by removing the polarizing layer, and setting θ = π/2 and H kx = 0, ensuring that the only intrinsic anisotropy is H kz , which is aligned with the e n direction.
C. Free Layer Magnetization Dynamics at Zero Temperature
The magnetization dynamics of the free layer is governed by the modified Landau-Lifshitz-Gilbert (LLG) equation,
where M is the magnetization of the free layer, t is the time variable, H eff is the effective magnetic field experienced by the magnetization of the free layer, α is the Gilbert damping factor, γ is the gyromagnetic ratio, and τ STT is the spin transfer torque. H eff is derived from the magnetic anisotropy energies and the Zeeman energy as follows [23] :
where m = (sin(ϑ) cos(ϕ), sin(ϑ) sin(ϕ), cos(ϑ)) is the unit vector parallel to M, H ki is the amplitude of the in-plane anisotropy field, H kn (V ) is the amplitude of the perpendicularto-the-plane anisotropy field modulated by an applied voltage V through the VCMA, e i and e n are, respectively, the unit vectors along the direction of the in-plane and perpendicularto-the-plane of the MTJ, H a is the externally applied magnetic field, and H dipole is the sum of the magnetic fields exerted by the reference layer and polarizing layer.
As shown in Fig. 2 , τ STT is composed of the in-plane torque (τ ) and the perpendicular torque (τ ⊥ ) normal to the τ . Whereas τ ⊥ in fully metallic nanopillars is negligible [20] , in MTJs, τ ⊥ can be as large as 30% of τ [21] . The choice of τ ⊥ must, therefore, be carefully considered in an MTJ model. Previous theoretical and experimental studies indicate that τ ⊥ is a symmetric function of the bias voltage V [21] , [22] . However, more recent studies show that the symmetric bias dependency is only accurate for symmetric MTJs, where both the free and reference layers are composed of the same material. In asymmetric MTJs, where the free and reference layers are made of different materials, τ ⊥ is an asymmetric function of the bias voltage [20] . Furthermore, unlike τ , τ ⊥ is related to the exchange coupling energy between the magnetic layers and does not necessarily cancel when the voltage is set to zero [20] - [22] . Consequently, based on conservation of spin angular momentum, τ STT is
Here, M r and M p are, respectively, the magnetization of the reference and polarizing layers, ζ ∈ [0, 1] determines the contribution of the polarizing layer to τ STT , and prefactors a V and 2 i=0 a ⊥,i V i are, respectively, the bias dependent amplitude of the in-plane and perpendicular torques in the absence of a polarizing layer (ζ = 0).
M p and M are orthogonal for both parallel (M and M r are parallel) and antiparallel (M and M r are antiparallel) configurations. Therefore, independent of the configuration and polarity of the applied voltage (injected current) across (into) the device, the initial value of τ STT maintains a nonzero component against the damping torque (αM × (dM/dt)), which leads to precession of M and precessional switching. Note that τ STT also has a component which, depending on the polarity of the current pulse passing through the device and configuration, can either accelerate or dampen the switching process. Therefore, as reported experimentally in [10] , both polarities are able to switch the IMTJ with a perpendicular polarizer, but with different switching probabilities.
M is constant in magnitude, suggesting that the coordinates (ϑ, ϕ) completely describe the temporal motion (precession and damping) of the free layer magnetization. The time derivative of ϑ and ϕ appears independently in the LLG equation. Consequently, the LLG equation can be separated into two nonlinear first-order differential equations,
c is a constant, and f ϑ and f ϕ are nonlinear functions of ϑ and ϕ. As shown in Fig. 3 , (4) and (5) characterize the behavior of a two-node capacitive circuit including two capacitors charged by dependent current sources. The current of each source is a function of the charge accumulated on both capacitors. 
D. Free Layer Magnetization Dynamics at Finite Temperature
A nonzero temperature causes the system to behave stochastically. Thermal effects can be included in the dynamic model through the addition of the Langevin random field H L to the effective field. Each component of H L is uncorrelated both in space and time and obeys a zero mean Gaussian distribution with variance δ 2 = 2αk B T /μ 0 γ M s [23] . Here, α is the magnetization damping factor, γ is the gyromagnetic ratio, μ 0 is the vacuum permeability, k B is the Boltzman constant, M s is the magnetization saturation, is the free layer volume, and T is the system temperature, which is governed under the heat diffusion equation as follows:
ε is the thermal diffusivity, R A is the resistance area product of the junction, C p is the specific heat capacity, ρ is the mass density of the material, and J is the current density. The heat diffusion equation is discretized in space for conversion into a system of ordinary differential equations,
where
Equation (7) characterizes the behavior of a (2N + 3)-node distributed network of resistors (R) and capacitors (C) with an equivalent RC π-circuit [27] as the basic component.
E. MTJ Conductance
The conductance of an MTJ is the sum of two components: 1) an inelastic component that is a function of temperature and exhibits the spin-independent conductance of the device, and 2) an elastic component that is a function of the angle enclosed by the free and reference layers θ , applied bias voltage V , and temperature T . This elastic component describes the spindependent conductance of the device.
The dependence of the elastic conductance on θ can be considered according to the tunneling magnetoresistance model presented in [1] and [24] . The voltage dependence of the elastic component at zero temperature is based on Brinkman's model [25] . The temperature dependence of both the elastic and inelastic conductances is considered according to Stratton's model [26] . Consequently, the tunneling conductance of the device is
G 0 is the device tunneling conductance in a parallel configuration at zero temperature and zero bias, and defined as
wherẽ ϕ is the average tunneling barrier height, and d is the tunneling barrier thickness. is a material and geometrydependent parameter defined as ≡ 1.387×10 −4 d/φ 1/2 , C i , i ∈ {0, 1, 2}, are material and geometry-dependent constants, as described in [25] , P 1 and P 2 are, respectively, the temperature-dependent polarization factor of the free layer and reference layer, as described in [24] , and S is a fitting parameter, as described in [25] .
F. Computational Complexity of the ACM Model
As discussed in the previous two sections, the LLG and heat diffusion equations are, respectively, equivalent to a two-node capacitive and (2N + 3)-node RC network. Since the MTJ is a two-terminal device, the ACM model is equivalent to a (2N + 7)-node RC network. Parameter N provides a tradeoff between accuracy and computational complexity. The ACM model is equipped with functions like bound_step [28] that provides a tradeoff between model accuracy and computational time. Nevertheless, the simulation engine that computes the ACM model affects the computational time. Cadence/Spectre [29] , which is used for evaluating the model, provides three modes of operation-conservative, moderate, and liberal. Moving from the liberal toward the conservative mode of operation provides greater accuracy at the expense of increased computational time.
III. MODEL VERIFICATION
The ACM model is shown to accurately match the experimental data, with an average error below 6%, for: 1) an asymmetric IMTJ switched through the STT mechanism [20] ; 2) a symmetric IMTJ with a perpendicular polarizer (also known as a orthogonal spin torque MTJ device) [10] switched through the STT mechanism; and 3) a symmetric PMTJ switched through both the VCMA mechanism and a hybrid STT-VCMA mechanism [4] .
A. Asymmetric IMTJ
An asymmetric IMTJ (the second geometry listed in Table I ) is considered. The ACM model variables are set according to the experimental data published in [20] . The lateral size of the device is 180 × 80 nm 2 . The thickness of the free layer, tunneling barrier, and fixed layer is, respectively, 1.8, 0.7, and 2 nm. In this experiment, the VCMA effect is negligible and the magnetic state is controlled through Fig. 4(b) and (c) , the solid curves show the results determined from the ACM model, and the dashed curves show the results under the τ ⊥ = 0 approximation. the STT effect. A voltage pulse applied across the device controls the amplitude of the current pulse that passes through the device. The average switching voltage versus the switching time is shown in Fig. 4(a) . The ACM model accurately matches the experimental data from [20] , exhibiting sufficient accuracy to capture the behavior of an asymmetric MTJ with a maximum error of 17.7% and a mean error of 5.7%.
The dashed curve in each clustered pair shown in Fig. 4(b) and (c) illustrates magnetization switching under the approximation τ ⊥ = 0, an approximation commonly used in previously published compact MTJ models [11] - [19] . As discussed in the previous section, this assumption is only valid when the device is symmetric. The solid curve in each selected pair shows magnetization switching based on the ACM model. Note that the error introduced by the τ ⊥ = 0 approximation increases significantly as the applied voltage decreases. This error is associated with the range of the applied voltage. As the applied voltage decreases within this range, τ ⊥ becomes comparable with τ . The τ ⊥ = 0 approximation, therefore, introduces significant error.
Spin polarized current transfers spin angular momentum into the magnetic body of an MTJ, leading to spin transfer torque. The STT effect switches an MTJ (without a perpendicular polarizing layer) by magnifying the random variations of the free layer magnetization M. At higher temperatures, M experiences greater random variations. To switch the device, therefore, a smaller voltage and magnetic field needs to be applied to the device. Alternatively, at a specific ambient temperature, by increasing the amplitude of the voltage pulse applied to the device, more current passes through the device, increasing the junction temperature. M, therefore, experiences larger random variations, the initial value of τ STT becomes larger, and a smaller external magnetic field is required to switch the device. To illustrate the effects of temperature and self-heating on the device behavior, the switching phase diagram of an asymmetric IMTJ is evaluated for two different temperatures, 300 and 4.2 K. The ACM model variables are set according to the experimental data published in [20] . As observed in Fig. 5 , the switching phase diagrams obtained through the ACM model follow the experimental data from [20] , exhibiting sufficient accuracy to capture the effects of temperature and self-heating on the behavior of an MTJ with a maximum error of 19.2% and a mean error of 5.3%. Probability of switching from the parallel configuration to the antiparallel configuration as a function of pulse duration for three different pulse amplitudes. Experimental data [10] is compared with the data obtained through the ACM model.
B. Symmetric IMTJ With Perpendicular Polarizer
Consider an IMTJ with a perpendicular polarizer [10] . The lateral size of the device is 180 ×60 nm 2 . The thickness of the free layer, tunneling barrier, and fixed layer is, respectively, 3, 0.8, and 2.3 nm. In this experiment, the VCMA effect is negligible and the system is controlled through the STT effect. The voltage pulse applied across the device controls the amplitude of the current pulse that passes through the device. The switching probability from the parallel configuration to the antiparallel configuration is determined for voltage pulses with different amplitudes, 0.5, 0.6, and 0.7 V, and different durations up to 1 ns. The results generated by the ACM model are compared with the experimental results from [10] in Fig. 6 . Switching probability as a function of total pulse duration (t E + t STT ) for parallel to antiparallel switching for different pulse durations. Figures 7(a) and 7(b) illustrate the experimental data. Figures 7(c) and 7(d) illustrate the data from the ACM model for the same parameters as, respectively, Figures 7(a) and 7(b) . For all cases, V E = 0.7 volts, and V STT = 0.5 volts. Experimental data [4] is compared to the data obtained through the ACM model.
Note that the ACM model accurately follows the experimental data with a mean error of 4%.
Higher amplitude pulses lead to switching at shorter pulse durations. From both the experimental data and the ACM model, voltage pulses of 0.7 V amplitude and wider than 500 ps achieve a switching probability of 1. Consequently, there is no incubation delay of several nanoseconds as observed in previous experiments on MTJs without a polarizing layer.
C. Hybrid STT-VCMA Mechanism
The hybrid STT-VCMA mechanism is considered, where the magnetic state of an MTJ is switched exploiting both the STT and VCMA effects. This hybrid mechanism switches the magnetization of a PMTJ through two consecutive voltage pulses applied across the device. The first pulse, with a relatively higher amplitude and a much shorter duration, initializes the magnetization precession though the VCMA effect. During application of the first pulse, the STT effect is much weaker and is negligible [4] . The second voltage pulse, of smaller amplitude but longer duration, stabilizes the magnetization switching direction through the STT effect assisted by the VCMA effect [4] . For a specific pulse duration, the amplitude of the first voltage pulse must be sufficiently high to exert a sufficiently strong initial torque to the device magnetization through the VCMA effect. Furthermore, for a specific pulse amplitude, the duration of the second pulse must be sufficiently long to apply sufficient STT to the precessing magnetization, thereby stabilizing the switching direction.
The parameters used in the ACM model are based on the experimental parameters from [4] . The device is of circular cross section with a diameter of 40 nm. The thickness of the free layer, tunneling barrier, and fixed layer is, respectively, 0.9, 1.3, and 1.8 nm. The first pulse has an amplitude of V E = 0.7 V and a duration of t E to induce precessional motion of magnetization in the free layer through the VCMA effect. The second pulse has an amplitude of V STT = 0.5 V and a duration of t STT to stabilize the resulting switching direction through the STT effect.
The probability of switching from the parallel state to the antiparallel state as a function of t E + t STT is shown in Fig. 7 . The experimental switching probabilities [4] are shown in Fig. 7 (a) and (b). The switching probabilities determined from the ACM model for the same parameters used in Fig. 7 (a) and (b) are shown, respectively, in Fig. 7(c) and (d) . In all four figures, the small circles illustrate the switching probability when only the first voltage pulse is applied (VCMA mechanism), and the large circles depict the switching probability when both voltage pulses are applied (hybrid VCMA-STT mechanism). The results show that the ACM model accurately follows the experimental data with a maximum error of 22.1% and a mean error of 5.1%.
Note from Fig. 7 that when only the first pulse is applied (small circles), changing the pulse duration from 1.3 [ Fig. 7(a) and (c)] to 1.7 ns [ Fig. 7 (b) and (d)] reduces the switching probability from 1 to 0.76. Hence, reliable switching through the VCMA mechanism requires the duration of the applied voltage pulse to be tightly controlled. Alternatively, the second applied pulse stabilizes the switching direction and maintains a high switching probability for a wide range of pulse durations without the need for tight control of the duration of the applied voltage pulses.
D. Hybrid MTJ-CMOS Simulation with the ACM Model
To illustrate the capability of integrating the ACM model with CMOS for circuit level simulation, the operation of two relatively complex circuits is evaluated in this section: 1) an STT-Magnetoresistive Random Access Memory (MRAM) cell, and 2) a magnetic flip-flop (MFF). The resistance of an MTJ can take on two different stable values, R L and R H . An MTJ, therefore, may store one bit of information. A CMOS transistor can be used as an access device to read and write (through the STT mechanism) a memory cell (STT-MRAM cell). The simulated read and write operations and related voltages are shown in Fig. 8 . The ACM model accurately predicts the write delay and voltage levels, as well as the voltage oscillations during the signal transition. The MFF, introduced in [29] , reduces the standby power of the flip-flops. As shown in Fig. 9 , an MFF includes two MTJs that store a bit and complement of information. The information can, therefore, be retained after power is removed. The simulated operation of an MFF using the ACM model for the MTJs and a predictive transistor model (45-nm PTM) for the CMOS transistors is shown in Fig. 10 . The pair of MTJs stores the data bit and complement.
IV. COMPARISON OF MODELS
A comparison among different compact MTJ models is listed in Table II , and a comparison among the controlling mechanisms of the magnetic state of an MTJ is listed in Table III . In comparison with existing compact models, the ACM model includes the effects of asymmetry on the device behavior. The ACM model is therefore able to simulate both symmetric and asymmetric MTJs. Furthermore, the ACM model is the first compact model that considers the VCMA effect in MTJs. Accordingly, the ACM model is applicable to not only the STT-induced switching mechanism but also the VCMA-induced mechanism as well as any hybrid method exploiting both the STT and VCMA effects. If an additional perpendicular polarizing layer is incorporated into the MTJ structure, the ACM model considers the effects of that layer on the device behavior. The ACM model can, therefore, be used to evaluate OST-MTJs [10] , which exploits the perpendicular-to-the-plane polarizing layer.
The ACM model reduces to the compact models in [14] , [15] , and [18] if the asymmetry, VCMA, and polarizing layer effects are ignored. Furthermore, if the temperature and self-heating effects as well as the asymmetry, VCMA, and polarizing layer effects are ignored, the ACM model reduces to the compact models published in [16] and [17] . Note that the compact models in [11] - [13] consider a subclass of symmetric MTJs in which the VCMA is negligible, and only provide steady state results on the STT-induced switching mechanism. Furthermore, the compact models in [11] - [13] do not consider polarizing layer effects, and temperature and thermal variation effects. The compact model in [19] considers a subclass of symmetric PMTJs in which the VCMA is negligible, and produces the steady-state response to the STT-induced switching mechanism. The model in [19] does not consider self-heating effects. In fact, the models in [11] - [13] and [19] are not based on the LLG equation, so these models do not capture the transient behavior of the junction.
V. CONCLUSIONS
A new compact model for MTJs, ACM model, is presented. The ACM model is a flexible compact model that characterizes an MTJ incorporating a free layer, an analysis layer, and a polarizing layer. The ACM model is validated using published experimental data. This model, developed under the single domain approximation, is computationally efficient. Furthermore, the ACM model considers both the STT and VCMA effects, and provides accurate results for any electrical controlling mechanism of magnetization switching in MTJs. The ACM model recognizes the effects of asymmetry on the physical behavior of the device, and is applicable to both symmetric and asymmetric MTJs. The ACM model also includes the dynamics of the junction temperature, permitting the effects of the system temperature on the device behavior to be considered. (S'10) 
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